Polycomb repressive complex 2 (PRC2) plays crucial roles in transcriptional regulation and stem cell development. However, the context-specific functions associated with alternative subunits remain largely unexplored. Here we show that the related enzymatic subunits EZH1 and EZH2 undergo an expression switch during blood cell development. An erythroidspecific enhancer mediates transcriptional activation of EZH1, and a switch from GATA2 to GATA1 controls the developmental EZH1/2 switch by differential association with EZH1 enhancers. We further examine the in vivo stoichiometry of the PRC2 complexes by quantitative proteomics and reveal the existence of an EZH1-SUZ12 subcomplex lacking EED. EZH1 together with SUZ12 form a non-canonical PRC2 complex, occupy active chromatin, and positively regulate gene expression. Loss of EZH2 expression leads to repositioning of EZH1 to EZH2 targets. Thus, the lineage-and developmental stage-specific regulation of PRC2 subunit composition leads to a switch from canonical silencing to non-canonical functions during blood stem cell specification.
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In Brief Xu et al. show that the developmental switch of lineage-specifying GATA factors controls an expression switch of EZH2 to EZH1 during blood cell differentiation. EZH1 and SUZ12 assemble a non-canonical complex independent of EED and positively regulate gene expression. Thus, the alternative PRC2 subunit composition confers non-canonical functions during development.
INTRODUCTION
The epigenetic machinery is crucial for tissue development and cellular homeostasis, and its deregulation often drives the pathogenesis of human disorders. Polycomb repressive complex 2 (PRC2) represents a major class of epigenetic regulator that participates in transcriptional repression by catalyzing histone H3 lysine 27 di/tri-methylation (H3K27me2/3) (Margueron and Reinberg, 2011; Sauvageau and Sauvageau, 2010) . The canonical PRC2 complex consists of EED, SUZ12, and the histone methyltransferase EZH2. While overexpression or gain of function of PRC2 proteins is common in many cancers (McCabe et al., 2012a; Morin et al., 2010; Varambally et al., 2002) , inactivating mutations of PRC2 components have also been described in various hematopoietic malignancies (Ernst et al., 2010; Makishima et al., 2010) , raising major questions regarding how this complex subserves oncogenic and tumor-suppressive activities in different cellular contexts. In light of recent efforts to therapeutically target EZH2 enzymatic activities or canonical EZH2-PRC2 functions in various hematopoietic malignancies (Kim et al., 2013; Knutson et al., 2012; McCabe et al., 2012b) , it will be critical to fully understand the context-dependent activity of this complex in normal developmental processes.
A confounding feature of the mammalian PRC2 complexes is the existence of two highly related enzymatic subunits EZH1 and EZH2 with near-identical catalytic SET domains (Laible et al., 1997) . Whereas the role of EZH2 in H3K27me3-mediated transcriptional repression has been well established (Cao et al., 2002; Czermin et al., 2002; Kuzmichev et al., 2002; Mü ller et al., 2002) , the function of EZH1-PRC2 remains elusive and controversial. For example, in embryonic and skin stem cells, EZH1 complements EZH2 to maintain repressive chromatin and stem cell identity (Ezhkova et al., 2011; Margueron et al., 2008; Shen et al., 2008) . In contrast, Ezh1 predominantly targets H3K4me3-marked active promoters and promotes RNA polymerase (Pol) II elongation in differentiating muscle cells and hippocampal neurons (Henriquez et al., 2013; Mousavi et al., 2012; Stojic et al., 2011) .
Similarly, the role of PRC2 in hematopoiesis remains elusive due in part to the possible redundancy of EZH1/2 and difficulties in distinguishing effects related to canonical and non-canonical PRC2 functions that are mediated by EZH1 or EZH2 independent of the histone methyltransferase activity (Hidalgo et al., 2012; Mochizuki-Kashio et al., 2011; Xie et al., 2014) . To study the role of PRC2 in hematopoiesis, we previously developed mouse models containing hematopoietic-specific genetic inactivation of Ezh2 or Eed (Shen et al., 2009; Shen et al., 2008; Xie et al., 2014) . Our studies reveal complex and developmental stage-specific roles of canonical PRC2 complexes in normal hematopoietic stem cell (HSC) function (Xie et al., 2014) . Therefore, to understand the context-specific functions of PRC2 in normal and malignant hematopoiesis, it is imperative to have a fuller analysis of the non-canonical PRC2 functions mediated by EZH1 independent of H3K27me2/3.
In this study, we demonstrate that the PRC2 enzymatic subunits EZH1 and EZH2 undergo an expression switch during blood cell development. We demonstrate that an erythroid-selective enhancer is indispensable for the transcriptional activation of EZH1, and a GATA2-to-GATA1 switch controls the EZH1/2 switch by developmental stage-specific association with distinct EZH1 enhancers. We determined the in vivo stoichiometry of PRC2 complexes by quantitative proteomics and uncovered the existence of an EZH1-SUZ12 subcomplex. Furthermore, through genome scale chromatin occupancy and transcriptional profiling analyses, we provide evidence that EZH1 together with SUZ12 forms a non-canonical PRC2 complex, occupies active chromatin domains, and positively regulates gene expression. Importantly, loss of EZH2 expression results in repositioning of EZH1 chromatin occupancy and transcriptional activity. Thus, our study establishes a molecular link between the switch of master lineage regulators and developmental control of PRC2 subunit composition, providing a means to coordinate lineage-specific transcription and accompanying changes in the epigenetic landscape during blood stem cell specification.
RESULTS

Reciprocal Expression of EZH1 and EZH2 during Hematopoiesis and Oncogenesis
Previously we established a two-phase culture system to model the differentiation of primary human CD34+ hematopoietic stem/ progenitor cells (HSPCs) ex vivo ( Figure 1A ). In this system, fetal liver-or adult bone marrow-derived CD34+ HSPCs are expanded and differentiated into highly enriched populations of erythroid progenitor cells (proerythroblasts or ProEs). We initially determined the expression of each PRC2 core subunit during erythroid development. Whereas EED and SUZ12 mRNA and protein levels remain largely unchanged, EZH1 is progressively and significantly upregulated during differentiation (Figures S1B available online, 1B, and 1C). Conversely, EZH2 expression is modestly downregulated during late differentiation (days 7-12; Figure S1B ). As a result, EZH1 and EZH2 undergo a relative switch in expression during terminal erythroid maturation ( Figure 1B) .
We next compared the expression of EZH1 and EZH2 in various HSPCs and mature lineages using available transcriptomic profiles (Seita et al., 2012) . Notably, the expression of EZH1 and EZH2 is inversely correlated within the hematopoietic hierarchy ( Figure 1D ) and the developmental specification of T, (Seita et al., 2012) were shown in the indicated FACS-sorted hematopoietic stem/progenitor cells and mature lineages (Experimental Procedures). See also Figure S1 .
B, and NK lineages ( Figure S1C ). Furthermore, the reciprocal expression of EZH1 and EZH2 is also observed during oncogenesis, in which increased EZH2 and concomitant decreased EZH1 expression are apparent in various cancer types ( Figures  S1D-S1G ). Higher EZH2 expression is associated with lower survival in prostate cancer, whereas increased EZH1 expression is associated with higher survival ( Figure S1H ).
An Erythroid-Selective Enhancer Controls EZH1 Activation
The expression switch between EZH2 and EZH1 during erythroid differentiation led us to ask whether EZH1 expression might be transactivated through tissue-specific regulatory elements. We examined the epigenetic landscape surrounding the EZH1 gene in committed erythroid cells (Figure 2) . Importantly, the genomic region 46 kb (or +46) downstream of the transcriptional start site (TSS) of EZH1 gene contains an enhancer signature consisting of H3K4me1, H3K27ac, and presence of DNaseI hypersensitivity (DHS). The putative enhancer signature is occupied by principal erythroid transcriptional regulators GATA1 and TAL1, present in human erythroid cell line K562 and absent in other established human cell lines (Figures 2A and S2 ), suggesting that it functions as an erythroid-specific enhancer element. Enhancers often function through direct enhancerpromoter interaction by DNA loop formation. By chromosome conformation capture (3C) analysis (Dekker et al., 2002) , we observed that the frequency of interaction between EZH1 promoter and the putative +46 enhancer is significantly higher than other tested regions (Figure 2A , bottom). Interestingly, another genomic region centered around +39 kb from TSS displays an enhancer signature in B lymphoblastoid (GM12878) cells. Of note, EZH1 expression is also progressively activated during B lymphopoiesis ( Figure S1C ). Thus, these results suggest that distinct tissue-specific enhancer elements are employed in the transactivation of EZH1 expression in different cell lineages.
To test this hypothesis, we first performed transient enhancer reporter assays in erythroid (K562) and lymphoid (GM12752) cell lines ( Figure 2B ). A genomic fragment containing the putative +46 erythroid enhancer markedly enhanced reporter expression in K562 cells, but not in GM12752 cells, compared with other tested fragments. In contrast, a fragment containing the putative +39 lymphoid enhancer significantly enhanced reporter expression in lymphoid GM12752 cells ( Figure 2C ). We next determined whether the identified tissue-specific enhancers are functionally relevant for EZH1 expression within their native chromatin context by using CRISPR/Cas9-mediated genomic engineering (Cong et al., 2013) (Figure 2D ). We used a pair of CRISPR/Cas9 guide RNAs to create double-strand DNA breaks flanking the +39 or +46 enhancer in erythroid K562 cells. Upon nonhomologous end joining (NHEJ)-mediated DNA repair, we obtained several independent clones containing biallelic deletion of the endogenous +39 or +46 enhancer, respectively. Removal of the +46 erythroid enhancer resulted in significant downregulation of EZH1 expression ( Figures 2E and 2F) . Deletion of the putative +39 lymphoid enhancer did not affect EZH1 expression in K562 cells, demonstrating the specificity of the erythroid regulatory element. These data provide compelling evidence that an erythroid-specific enhancer element mediates erythroid-selective transcriptional activation of EZH1.
GATA Switch Regulates EZH1 and EZH2 Switch during Erythroid Development To gain further mechanistic insights into EZH1 transactivation, we profiled the chromatin landscape and TF occupancy in primary human HSPCs and committed erythroid progenitor cells (ProEs). Remarkably, the erythroid enhancer signature present in ProEs is undetectable in HSPCs ( Figure 3A ). GATA1 and TAL1 strongly associate with the EZH1 enhancer in ProEs, but occupancy is not detected in HSPCs, suggesting that the EZH1 erythroid enhancer is transactivated by GATA1/TAL1 during erythroid differentiation. Interestingly, the genomic region centered around 38 kb from TSS is strongly associated with DHS and occupied by GATA2 in HSPCs ( Figure 3A) . A switch from GATA2 to GATA1 has been previously described to regulate erythroid commitment (Bresnick et al., 2010; Doré et al., 2012; Kaneko et al., 2010; Snow et al., 2011) , and expression of GATA2 and GATA1 inversely correlate during HSPC-to-ProE differentiation (Figures S3A and S3B) . Therefore, our results strongly suggest that the GATA switch mediates the EZH1/2 switch during erythropoiesis.
To test this hypothesis, we employed G1E/G1ER cells, an established model for genetic complement of erythroid maturation upon inducible expression of Gata1 (Welch et al., 2004) . Upon activation of the Gata1-ER transgene by b-estradiol treatment in G1ER cells, Gata1 mRNA was progressively elevated, whereas Gata2 expression was sharply downregulated, consistent with a GATA switch ( Figure 3B ). Notably, Ezh1 mRNA was progressively increased with modest downregulation of Ezh2 during later differentiation ( Figure 3B ). To further determine the role of GATA2-and GATA1-associated regulatory elements in EZH1 transactivation, we employed CRISPR/Cas9-mediated genomic engineering to remove the +38 or +46 regulatory region from its native chromatin context in G1E/G1ER cells ( Figures 3C,  S3C , and S3D). Strikingly, upon biallelic deletion of the +38 Gata2-associated regulatory region, the expression of Ezh1 mRNA was markedly activated in G1E progenitor cells and remained elevated upon induction of Gata1 expression. In contrast, upon biallelic deletion of the +46 Gata1-associated erythroid enhancer, Ezh1 expression was unchanged in G1E progenitors, but failed to be activated in differentiated G1ER cells ( Figure 3C ). These results indicate that the Gata2-associated regulatory element negatively regulates Ezh1 expression in stem/progenitor cells, whereas the switch to Gata1 expression and the activation of Gata1-associated Ezh1 enhancer drive the transcriptional activation of Ezh1 during erythropoiesis. Thus, our findings provide evidence that the transition in expression of tissue-and stage-selective GATA factors accounts for the switch of EZH1/2 expression during lineage specification.
Differential Composition of EZH1-and EZH2-Containing Polycomb Repressive Complexes
To investigate the functional similarity and difference between EZH1 and EZH2 in human erythroid development, we identified EZH1-and EZH2-containing PRC2 complexes. We generated human erythroid cell lines (K562) stably expressing subendogenous levels of PRC2 subunits (EZH1, EZH2, EED, and SUZ12) bearing a FLAG epitope and a biotin receptor site at its amino terminus, respectively. Following metabolic labeling by BirA biotin ligase in vivo, PRC2-containing multiprotein complexes were purified and identified by mass spectrometry (MS) sequencing ( Figure S4A ). Although both EZH1 and EZH2 pulled down other PRC2 core components such as EED, SUZ12, and JARID2, they did not pull down each other, confirming a prior suggestion that EZH1 and EZH2 are present in mutually exclusive PRC2 complexes (Figures S4B and S4C) (Shen et al., 2008) . Notably, more peptides corresponding to EZH2 than EZH1 were recovered in EED-or SUZ12-containing complexes, indicating a greater abundance of EZH2 than EZH1 in association with other PRC2 core subunits, consistent with previous findings in mouse embryonic stem (ES) cells (Shen et al., 2008) . Furthermore, a number of nuclear factors appear to associate differentially with different PRC2 subunits, including hematopoietic-specific regulators, chromatin-modifying enzymes, and the general transcription factors ( Figures S4B and S4C ).
To determine further the stoichiometry of PRC2 complexes in vivo, we employed a quantitative approach by using the isobaric tags for relative and absolute quantification (iTRAQ) proteomics method ( Figure 4A ) (Ross et al., 2004) . Briefly, metabolically labeled PRC2 subunits and associated multiprotein C o n t r o l + 3 8 e n h . + 4 6 e n h . C o n t r o l + 3 8 e n h . + 4 6 e n h . complexes were isolated by affinity purification followed by enzymatic digestion and labeling with isobaric tags. The labeled peptides were then combined, fractionated, and analyzed by high-resolution LC-MS/MS. In EZH1 pull-down, the most abundant peptides correspond to EZH1 itself followed by SUZ12 and EED, whereas there is nearly no detectable EZH2 peptide (Figure 4B ; Table S1 ). In contrast, in EZH2 pull-down, comparable abundances of EED and SUZ12 were observed in EZH2-containing complexes. Similarly, EED and SUZ12 were found to pull down other core subunits in comparable frequencies ( Figure 4B ). These results demonstrate that EZH1 is present predominantly alone or in complex with SUZ12, but much less frequently in association with EED and SUZ12 together. In contrast, EZH2 is present predominantly in stable complexes containing both EED and SUZ12, constituting the canonical PRC2 holoenzyme (Ciferri et al., 2012) . To measure more precisely the frequencies of EZH1-and EZH2-interacting partner proteins in vivo, we calculated the ratio of the identified polypeptides present in EZH2 versus EZH1 immunoprecipitation by iTRAQ quantification ( Figure 4C ; Table  S1 ; Experimental Procedures). Strikingly, nine out of ten top- subunits is shown in each immunoprecipitation using EZH1, EZH2, EED, or SUZ12 as a bait.
Results are means ± SD of three experiments. Schematic diagrams of EZH1-or EZH2-containing PRC2 complexes are shown on the right. (C) PRC2-interacting partner proteins are ranked by the ratio of the frequency in EZH2 versus EZH1 immunoprecipitation using iTRAQ quantification. The ratio and rank order of the known PRC2 components are shown in the table. See also Figure S4 and Table S1 .
ranked proteins associated with EZH2 relative to EZH1 are known subunits of the PRC2 complexes, including AEBP2, EED, JARID2, and SUZ12. The recovery of all known PRC2 components demonstrates the validity of our quantitative proteomics approach. These analyses indicate that EZH2, but not EZH1, strongly favors the formation of canonical PRC2 complexes in vivo.
Differential Requirement of Polycomb Core Subunits for Global H3K27 Methylation
Since the PRC2 complex is responsible for catalyzing histone H3 lysine 27 (H3K27) methylation, we next determined the effect of depleting PRC2 subunits by shRNA or inhibitors on global H3K27 methylation levels by quantitative chromatin profiling (Jaffe et al., 2013) . Upon lentiviral shRNA-mediated depletion of EZH2, EED, or SUZ12 expression in primary human erythroid cells, we observed significant decreases of di-and tri-methylation of lysine 27 (H3K27me2/3) and modest increases of mono-or unmethylated lysine 27 (H3K27me0/1) and acetylated H3K27 (H3K27ac) (Figures 5 and S5) . Similarly, interference of EZH2 enzymatic function by two small molecule inhibitors EZ5 (J. Bradner, personal communication) and GSK126 (McCabe et al., 2012b) markedly decreased H3K27me2/3, respectively. In contrast, depletion of EZH1 led only to a slight decrease of H3K27me0/1, but no detectable effect on H3K27me2/3. These results suggest that, whereas EZH2, EED, and SUZ12 are required to maintain the global level of H3K27me2/3 in vivo, EZH1 is dispensable for the activity associated with H3K27me2/3-dependent canonical PRC2 functions.
EZH1 and SUZ12 Co-Occupy Non-Canonical PRC2 Targets To identify gene targets for each PRC2 core subunit, we performed RNA-seq transcriptomic analysis of differentiated erythroid progenitors (ProEs) upon shRNA-mediated silencing of each subunit ( Figures 6A and 6B ). The depletion of PRC2 subunits individually resulted in pleiotropic effects on erythroid gene expression ( Figures 6C-6E) . Specifically, depletion of EZH2 led to upregulation of 516 genes and downregulation of 212 gene transcripts ( Figure 6C ; Table S2 ; Experimental Procedures). Similarly, depletion of EED led to upregulation of 516 genes and downregulation of 145 genes, consistent with the role of canonical PRC2 in transcriptional repression. Surprisingly, depletion of EZH1 or SUZ12 resulted in significantly more genes to be downregulated (399 and 354 genes, respectively), suggesting that these genes may be directly or indirectly dependent on EZH1 or SUZ12 for optimal expression. We therefore named these as the ''PRC2-activated genes,'' in contrast to the ''PRC2-repressed genes'' ( Figures 6C and S6A-S6D ; Table  S3 ). Of note, the PRC2-activated genes are progressively activated during erythroid differentiation and enriched for genes important for erythroid homeostasis and functions ( Figures 6D  and 6E ). In contrast, the PRC2-repressed genes are downregulated during differentiation and enriched for genes involved in developmental pathways associated with alternative lineage decisions, such as immune system process, response to stress, and leukocyte development.
To relate gene expression changes directly with occupancy of the PRC2 complexes, we next determined the chromatin targets of each PRC2 core subunit by ChIP-seq analysis. At the genomic scale, EED and EZH2 highly colocalize with H3K27me3, and inversely correlate with H3K4me3 and H3K27me1, histone marks associated with active transcription (Bernstein et al., 2006; Cui et al., 2009) . In contrast, the occupancy of EZH1 and SUZ12 positively associates with H3K4me3 and H3K27me1 at a global scale ( Figure 6F) .
We then categorized all human genes into bivalent, repressed, active, or null state based on the presence of H3K4me3 and H3K27me3 (Experimental Procedures). By this analysis, it is apparent that EZH2 and EED are almost exclusively enriched at bivalent and repressed genes, whereas EZH1 is predominantly enriched at active genes. SUZ12 is enriched at both bivalent/repressed and active genes ( Figure 6G ). We have extensively validated the EZH1 and EZH2 ChIP-seq analyses by three independent ChIP-seq experiments using different antibodies (Figures S6E and S6F ; Experimental Procedures). These analyses reveal largely consistent chromatin occupancy confirming the reproducibility of these observations.
We further extracted the promoters that are occupied by at least one subunit and performed k-means clustering analysis. Importantly, PRC2-targeted genes can be separated into two distinct categories: one group is predominantly occupied by SUZ12, EED, and EZH2, highly enriched for H3K27me3, and consists mostly of repressed and bivalent genes ( Figure 6G ). We therefore named this category ''Canonical PRC2 targets.'' In contrast, the ''Non-Canonical PRC2 targets'' are predominantly occupied by SUZ12 and EZH1, and are enriched for H3K4me3, DHS, and H3K27me1, in addition to many TFs known to activate erythroid gene expression (Figures 6G and S6G ; Table S3 ). Of note, canonical PRC2 targets primarily consist of repressed and bivalent genes that display lower mRNA expression, whereas non-canonical PRC2 targets mostly consist of active genes that are highly expressed ( Figure 6H ). By gene ontology analysis, we observed that canonical and non-canonical PRC2 targets are enriched for distinct biological processes ( Figure 6I ), suggesting that they participate in different cellular functions.
We then integrated the chromatin binding data with the gene expression changes (Experimental Procedures) and correlated combinations of PRC2 subunit binding with PRC2-mediated repression or activation of target gene expression. Importantly, EZH2 together with SUZ12 is the most repressive, such that the genes occupied by EZH2 and SUZ12 are more likely to be repressed compared with other combinations ( Figure 6J ). Similarly, EED+SUZ12, EZH2+EED+SUZ12, or EED alone strongly correlate with transcriptional repression. In striking contrast, EZH1+SUZ12 strongly correlates with gene activation. EZH1 or SUZ12 alone also associate with activation. Therefore, EZH2 or EZH1, through differential association with SUZ12, mediate distinct transcriptional outputs; EZH2+SUZ12 is predominantly repressive, whereas EZH1+SUZ12 is predominantly activating.
EZH1 Complements EZH2 Loss within Canonical PRC2 Targets
The PRC2 catalytic subunits EZH1 and EZH2 undergo a relative switch in expression during erythroid differentiation (Figure 1 ). EZH1 and EZH2 form mutually exclusive PRC2 complexes (Figure 4) Primary human erythroid cells treated with lentiviral shRNA against each PRC2 subunit (shEZH1, shEZH2, shEED, or shSUZ12) or small molecule EZH2 inhibitors (EZ5 or GSK126) were subjected to molecular chromatin-signature profiling by mass spectrometry. Two independent replicates for shRNA or inhibitor treatment (0.3 mM and 3 mM) were analyzed. Cells transduced with non-targeting shRNA (shNT) were analyzed as controls. Each column corresponds to an H3 peptide with the indicated combination of histone marks (bottom). The value in each cell of the heatmap corresponds to the log2-fold change of the mark combination relative to value in shNT control. See also Figure S5 . Figure S6 and Tables S2 and S3. H3K27me2/3 ( Figure 5 ). Furthermore, EZH1 and EZH2 occupy largely non-overlapping chromatin domains, and, together with SUZ12, associate with opposing transcriptional changes (Figure 6 ). Based on these findings, we hypothesized that the expression switch of EZH2 and EZH1 may lead to a functional switch of canonical versus non-canonical PRC2 functions during development. To test this hypothesis, we examined the chromatin occupancy of EZH2 and EZH1 in the presence or absence of EZH2 knockdown. In control knockdown cells, the global occupancy of EZH2 highly overlaps with H3K27me3, whereas EZH1 largely colocalizes with H3K4me3-enriched promoters ( Figure 7A ). These results are consistent with our previous findings ( Figures 6F-6J ), indicating that EZH2-containing canonical PRC2 complexes and EZH1-SUZ12-containing non-canonical complexes occupy distinct chromatin targets. Upon shRNAmediated depletion, EZH2 occupancy is eliminated due to the depletion of EZH2 protein ( Figures 7A and 6B) . Remarkably, in the absence of EZH2, there is a global repositioning of EZH1 to H3K27me3-marked promoters that were previously occupied by EZH2 ( Figure 7A ), such as the known PRC2 targets HOXA and HOXD gene clusters ( Figures 7B and S7) . Importantly, 979 (or 68%) of EZH2 targets are ''recovered'' by EZH1 upon EZH2 loss ( Figure 7C ; Table S4 ). Furthermore, EZH1 selectively recovers genes previously targeted by canonical PRC2 Figure 6J . (E) The number and percentage of canonical PRC2 target genes upon EZH2 knockdown are shown. (F) mRNA expression levels of PRC2 target genes are shown for the indicated categories. Boxplots are constructed as described in Figure 6H . (G) Model of developmental context-dependent alternative PRC2 subunit composition in transcriptional regulation. See also Figure S7 and Tables S3 and S4. complexes containing EZH2, such as EZH2+EED+SUZ12 and EZH2+SUZ12 ( Figures 7D and 7E ). Of note, the genes recovered by EZH1 display intermediate mRNA expression level compared to genes that remained bound by EZH2 or not recovered by EZH1 ( Figure 7F ). Furthermore, EZH1-recovered EZH2 targets still display substantial loss of H3K27me3 at their promoter regions ( Figure S7) , suggesting that the enzymatic function of EZH1 in catalyzing H3K27me3 may be much weaker when recruited to EZH2 target genes, consistent with previous findings (Margueron et al., 2008; Shen et al., 2008) . These results demonstrate that, although EZH1 may be repositioned to chromatin targets of EZH2, it is insufficient to execute full repression of EZH2 targets. We conclude that lineage-specifying transcription factors modulate the tissue-specific expression of the core subunits of PRC2 complexes, resulting in differential composition of the chromatin-modifying complexes associated with distinct transcriptional outputs.
A
DISCUSSION
Developmental Control of Epigenetic Pathways by Lineage Master Regulators
The epigenetic machinery is critical for tissue homeostasis, and its deregulation underlies many human disorders. While the roles of epigenetic pathways in lineage-specific gene expression have been extensively studied in various model systems, little is known about how lineage master transcriptional regulators contribute to the expression and/or function of epigenetic regulators. By characterizing the regulatory mechanisms controlling erythroid specification from primary human HSPCs, we uncovered a molecular link between lineage-specifying master regulators (GATA2 and GATA1) and the Polycomb regulators. Specifically, by differential association with the distal regulatory elements of the EZH1 gene in stem/progenitor and committed erythroid cells, GATA factors differentially modulate the lineage-specific transactivation of EZH1 expression. The switch from GATA2 to GATA1 is essential for proper erythroid lineage commitment from HSPCs (Bresnick et al., 2010; Snow et al., 2011) . Although the molecular mechanisms controlling the GATA switch and their respective gene targets remain elusive, increasing evidence suggests that GATA2 and GATA1 may regulate a set of shared gene targets in a highly context-specific manner (Doré et al., 2012; Snow et al., 2011) . Hence, our study shows that lineage-specifying regulators modulate the contextspecific transcriptional activities of a major epigenetic pathway during lineage commitment. Furthermore, these findings close the loop in the transcriptional network in which the epigenetic regulators cooperate with lineage factors in setting an epigenetic ''landscape,'' whereas the lineage master regulators also modify epigenetic complexes to coordinate differentiation.
Differential Composition of Multi-Subunit Chromatin-Modifying Complexes Regulates Chromatin Targeting and Transcriptional Activity
Like other multi-subunit chromatin-modifying complexes, PRC2 is composed of a set of central subunits providing the core enzymatic activity, along with auxiliary subunits such as JARID2 that serve specialized roles in modulating PRC2 activity and/or recruitment of additional regulatory machinery (Di Croce and Helin, 2013; Margueron and Reinberg, 2011; Shen et al., 2009 ). The canonical PRC2 complex consists of EED, SUZ12, and the histone methyltransferase EZH2. Here we demonstrate that the alternative PRC2 enzyme subunit EZH1 together with SUZ12 forms a non-canonical PRC2 complex, occupies active chromatin domains independent of H3K27me3, and positively regulates gene transcription. The expression of EZH1 and EZH2 inversely correlates during normal hematopoiesis. Loss of EZH2 expression leads to global repositioning of EZH1 to EZH2 targets. Thus, the differential assembly of PRC2 core subunits contributes to the non-canonical PRC2 functions in development and disease.
By demonstrating a functional subunit swap in the PRC2 complexes during hematopoiesis, our study demonstrates that PRC2 composition may regulate differential chromatin targeting and transcriptional activity. These results are analogous to previously characterized cofactor swaps in the SWI/SNF complex during neurogenesis (Lessard et al., 2007) and tumor transformation (Kadoch and Crabtree, 2013) . However, in contrast to the developmental subunit swaps in the SWI/SNF complex, the differential subunit composition that we describe here is associated with a ''qualitative'' change in PRC2 composition consisting of an EZH1/2 swap and the loss of the H3K27me3-binding core component EED. Thus, the resulting EZH1-SUZ12 non-canonical PRC2 composition confers drastically different transcriptional outcomes compared to EED-containing canonical PRC2 complexes. Therefore, these findings support the concept that the differential combination of subunits, rather than the mere presence of a specific subunit, provides functional specificity required for cell-type and developmental context-specific roles of these ubiquitously expressed chromatin-modifying complexes.
These findings also raise the possibility that subunit swap and complex composition may be reversed by activating stem/ progenitor subunits or inactivating pro-differentiation subunits, thereby allowing mature lineages to acquire stem/progenitor cell features. For example, EZH2 plays predominant roles in embryonic and adult stem cells, and is downregulated in many adult tissues, whereas EZH1 is highly expressed in adult differentiated tissues. Hence, reversal of the EZH2 to EZH1 switch may account for the aberrant EZH2 functions in various human cancers ( Figures S1D-S1H ) by directing cells toward a stem/progenitor cell-like state. Further work is needed to elucidate the regulation of EZH1 and EZH2 expression during development and oncogenesis and to develop therapeutic approaches to target oncogenic EZH2 for cancer intervention.
Non-Canonical PRC2 Functions in Development and Disease While most studies have focused on PRC2-mediated repression through tri-methylation of H3 lysine 27 (H3K27me3), increasing evidence suggests that individual PRC2 subunits may regulate gene expression independent of H3K27me3. Specifically, the catalytic subunit EZH2 acts as a transcriptional coactivator for critical transcriptional factors in breast and prostate cancers, in which its histone methyltransferase activity may not be required (Lee et al., 2011; Xu et al., 2012b) . Similarly, conflicting evidence has been reported pointing to compensatory or divergent functions of the PRC2 enzymatic subunits EZH1 and EZH2. For example, EZH1 appears to be a backup enzyme for EZH2 in embryonic and skin stem cells, and participate in transcriptional repression (Ezhkova et al., 2011; Margueron et al., 2008; Shen et al., 2008) . In contrast, EZH1 and EZH2 display opposing functions in other cellular contexts, such as myogenesis and neurogenesis, in which EZH1 is associated with transcriptional activation by promoting RNA Pol II elongation (Henriquez et al., 2013; Mousavi et al., 2012; Stojic et al., 2011) .
In this study, we demonstrate that the alternative composition of PRC2 complexes also contributes to the non-canonical functions of PRC2 in developing erythroid cells. In contrast to the canonical PRC2 complex comprised of EZH2, EED, and SUZ12, the non-canonical PRC2 complex assembled by EZH1 and SUZ12 is associated with actively transcribed genes and positive regulation of gene expression. The role of non-canonical PRC2 complexes in the context of canonical EZH2-PRC2 functions remains unclear. Several possible mechanisms may account for the functional switch between EZH2-and EZH1-PRC2 complexes. In one model, EZH1 may function ''passively'' to antagonize the activity of EZH2 by blocking its access to noncanonical target genes. Thus, by assembling EZH1 and SUZ12 in the absence of EED and H3K27me3, the non-canonical PRC2 complex may prevent transcriptional silencing of its target genes by the canonical PRC2 complex. Alternatively, EZH1 may ''actively'' regulate gene expression by modulating the transcriptional machinery at non-canonical targets. This mechanism is supported by previous studies of EZH1 in skeletal muscle development, in which EZH1 was noted to interact physically with RNA Pol II complex and promote transcriptional elongation (Mousavi et al., 2012) . Further investigation is needed to elucidate the molecular mechanisms by which canonical and noncanonical PRC2 complexes attain their target specificity. In addition, it has been suggested that EZH1 may recruit PRC2-EZH2 to its chromatin targets through dimerization between EZH1 and EZH2 (Son et al., 2013) . In this study, we were unable to identify evidence of EZH1/2 dimerization using a variety of assays (Figures 4, 6, and S4) . In contrast, we noted that EZH1 and EZH2 form mutually exclusive PRC2 complexes in vivo (Figures 4  and S4) , consistent with previous studies in ES cells (Shen et al., 2008) . Thus, it remains unclear whether these discrepancies are due to different cell models used (e.g., ES, myoblasts, and erythroid cells) or other variables, and will need to be addressed in future studies.
Implications for Therapeutic Targeting of PRC2 Functions in Hematopoietic Malignancies
Owing to recent findings that aberrant expression or gain-offunction mutations of EZH2, as well as other PRC2 core subunits, are common in various malignancies including lymphoma, breast, and prostate cancers, intensive efforts have been devoted to developing therapeutic approaches to target EZH2 function in cancers (McCabe et al., 2012a; Morin et al., 2010; Varambally et al., 2002) . The discovery of small molecules or peptides that specifically inhibit oncogenic EZH2 raises the exciting possibility of therapeutic targeting of this epigenetic regulator (Kim et al., 2013; Knutson et al., 2012; McCabe et al., 2012b) . Major considerations, however, will need to be addressed in further considering EZH2 as a potential therapeutic target. Importantly, evidence for inactivating EZH2 mutations in myeloid disease suggests a tumor-suppressor function for EZH2 in other cellular contexts (Ernst et al., 2010; Makishima et al., 2010) . Thus, intervention of the oncogenic functions of EZH2 should avoid or limit interference with the tumor-suppressor role of wild-type EZH2. Furthermore, loss of EZH2 expression results in the repositioning of EZH1 to canonical gene targets (Figure 7) , suggesting that the relative expression levels of EZH1 and EZH2 may also have an effect on the activities of the canonical versus non-canonical PRC2 functions. Given that the available agents are designed to preferentially target EZH2 enzymatic activities or canonical EZH2-PRC2 functions, their effects on non-canonical PRC2 activity need to be tested carefully to ensure a beneficial on-target effect. The ''histone code'' has been suggested to decipher how diverse combinations of histone modifications control gene activity (Strahl and Allis, 2000) . Our study suggests that the combinatorial assembly of multiprotein chromatin-modifying complexes could act in an equally complex manner to specify the context-dependent transcriptional activities in development and diseases.
EXPERIMENTAL PROCEDURES Cells and Cell Culture
Primary human fetal liver CD34+ HSPCs were isolated from second-trimester fetal livers as described (Van Handel et al., 2010) . Primary erythroblasts were generated ex vivo as described (Xu et al., 2010) . The K562-BirA, K562-FLAGBio-EZH1, EZH2, EED, and SUZ12 stable cell lines were generated as described (Xu et al., 2012a) .
Multiprotein Complex Purification and Proteomics Analysis PRC2-interacting multiprotein complexes were purified and characterized as described ). K562 cells expressing only biotin ligase BirA were used as negative control. For quantitative proteomics by iTRAQ, multiprotein complexes from K562 stable cell lines expressing FLAG-Bio-tagged PRC2 subunits were purified and digested to peptides, labeled with iTRAQ reagents (AB SCIEX), combined, and analyzed by LC-MS/MS (Ross et al., 2004) . See also Supplemental Experimental Procedures.
Western Blot
Western blot was performed as described (Xu et al., 2012a) using the following antibodies: EZH1 (ab13665, Abcam), EZH2 (612666, BD Biosciences), EED (17-663, Millipore), SUZ12 (39357, Active Motif), H3K27me3 (07-449, Millipore), and GAPDH (sc-26778, Santa Cruz Biotechnology).
Chromatin Profiling
Histone extraction and chromatin profiling were performed as described (Jaffe et al., 2013) . Twenty-five micrograms of histones were used for each sample. All values were normalized to the heavy/light ratio of the H3 41-49 peptide and log2 transformed. Unsupervised hierarchical clustering was performed in GENE-E.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as described (Xu et al., 2012a) . See also Supplemental Experimental Procedures.
ChIP-seq Data Analysis
For ChIP-seq using the Illumina HiSeq2000 or HiSeq2500, 10 ng of ChIP DNA was processed for library generation using the NEBNext ChIP-seq Library Prep Master Mix following the manufacturer's protocol (New England Biolabs). Raw sequencing reads were processed using the Illumina software pipeline, and aligned to the reference human genome (UCSC, hg18). See also Supplemental Experimental Procedures for more details on ChIP-seq data analysis.
Gene Expression Analysis
Total RNA was isolated using RNeasy Plus Mini Kit (QIAGEN) following manufacturer's protocol. RNA-seq library was prepared using the Truseq v2 LT Sample Prep Kit (Illumina). The sequencing reads from all RNA-seq experiments were aligned to human reference genome hg18 by TopHat (Trapnell et al., 2009) . Differential gene expression analyses were performed using DEseq (Anders and Huber, 2010) . See also Supplemental Experimental Procedures.
3C
3C assay was performed as described (Xu et al., 2012a) . See also Supplemental Experimental Procedures.
Lentiviral RNAi
Lentiviral RNAi was performed in primary human erythroid precursors as previously described (Xu et al., 2012a) . The following shRNA clones in the pLKO.1-puro vector were used: EZH1 (sh1, TRCN0000002489; sh3, TRCN0000002441), EZH2 (sh1, TRCN0000286227; sh3, TRCN0000040075), EED (sh2, TRCN0000021205; sh3, TRCN0000021206), and SUZ12 (sh2, TRCN0000038725; sh5, TRCN0000038728). All shRNA clones were obtained from Sigma-Aldrich. Cells transduced with the vector containing non-targeting shRNA (shNT) were used as control.
Enhancer Reporter Assay
Dual-luciferase enhancer reporter assay was performed in K562 and GM12752 cells using the Dual-Luciferase Reporter Assay System (Promega). See also Supplemental Experimental Procedures.
Genomic Engineering by CRISPR/Cas9
The clustered regularly interspersed palindromic repeats (CRISPR)/CRISPRassociated (Cas) 9 nuclease system was used to introduce enhancer deletion mutations in K562 and G1E/G1ER cells following recently published protocols (Cong et al., 2013; Mali et al., 2013) . See also Supplemental Experimental Procedures.
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